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ABSTRACT: In order to tackle the issue of systemic toxicity in
chemotherapy, there is a need to develop novel mechanisms for the
activation of protein inhibitors using biomarkers overexpressed in
cancer cells. Many current strategies focus on using cancer associated
enzymes as a triggering agent for prodrugs. Herein, we detail an
alternative approach that harnesses a microRNA (miR-21) that is
overexpressed in cancers as the trigger that activates an inhibitor of
human carbonic anhydrase-II (hCA-II). Specifically, we have
developed a DNA-small molecule chimera (DC) composed of an
hCA-II binding lithocholic acid amide (LAA) headgroup that can
transition from a rigid duplex state (that does not bind appreciably to
hCA) to a single-stranded conformation via a miR-21 trigger. The
activated single-stranded DC can project the LAA headgroup into the
hCA-II active site and is a robust hCA-II inhibitor (K; of 3.12 uM).
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This work may spur research into developing new classes of cancer selective protein inhibitors.

B INTRODUCTION

Conventional cancer therapeutics often exhibit decreased drug
efficacy and significant systemic toxicity due to nonspecific
biodistribution. To achieve site selective drug action there has
been much exploration of nanocarriers and cytotoxic small
molecules conjugated to targeting ligands.' ™ A complementary
strategy is to use prodrugs that are conditionally activated by
molecules localized in cancer tissue.'’”'* Harnessing such
endogenous stimuli is an appealing route, inter alia, because—
unlike external inputs—there is no requirement for specialized
and expensive equipment. The major approach utilized for
molecular activation of prodrugs via endogenous inputs is to
exploit the covalent transformations afforded by tumor-
associated enzymes."”~'® Although a salient strategy, for each
disease-associated enzyme that is harnessed one needs to
laboriously design and optimize the corresponding prodrug
structure. Additionally, disease-associated enzymes often have
isoforms present in healthy tissue and generating isoform
selective agents remains a formidable challenge.'”™"

In contrast to enzymes, oligonucleotides (ONs) are informa-
tional and many cancer-associated ONs with unique sequences
have been identified. Thus, the development of pharmaco-
phores that are activated by cancer-associated ONs is an
attractive route for prodrug generation. In this regard,
microRNAs (miRs) are especially important biomarkers
because a single miR can regulate the translation of multiple
unique mRNAs and therefore has a significant role in disease
progression.zz_24 In particular, miR-21 is a critical miR that
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promotes tumor development by inhibiting the translation of
key tumor suppressor genes and hence is overexpressed in
various cancers including breast, colon, prostate, and lung.25 In
addition, miR-21 overexpression is correlated with cancer
aggressiveness/ stage,m27 and drug resistance.”®

A number of elegant strategies for ON templated triggering
of inactive molecules and protein inhibitors have been
reported.”” ™" These systems have largely centered on DNA
templation that leads to an intramolecular covalent reac-
tion.”’~>° However, an issue with this strategy is the need for
specialized bio-orthogonal reactions (to minimize side reactions
with reactive biomolecules). In addition, once activated such
systems cannot be further controlled (i.e., they lack
reversibility). A complementary approach is to use the
molecular recognition and subsequent conformational changes
of ONss that are tethered to protein recognition elements (such
as nucleic acids, small molecules, and peptides)**~*' to develop
allosteric protein binders.*”™*” To the best of our knowledge,
there is no report of using such ON hybrids to inhibit a protein
in conditional response to a cancer-associated miR.>® With this
article, we disclose a novel DNA-small molecule chimera (DC
1) system that can inhibit human carbonic anhydrase-II (hCA-
II) upon activation by miR-21 (see Figure 1).
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Figure 1. Illustration depicting miR-21 induced activation of a DC
based hCA-II inhibitor. (i) A toe-hold containing duplex is formed
between DC 1 and an LNA guide sequence 2. This duplex sterically
hinders the lithocholic acid amide headgroup (red arrowhead) from
binding to the active site of hCA-IL (ii) In response to miR-21, which
is fully complementary to ON 2, the more stable miR-21:ON 2 duplex
is formed, thereby releasing the single-stranded DC 1. (iii) Activated
and flexible single-stranded DC 1 is a strong binder of hCA-IL. Inset:
Summary of the key ON sequences used in this study. Note: The
sequence in blue for ON 2 depicts the LNA residues.

B RESULTS AND DISCUSSION

HCA-II was chosen as the target protein to be inhibited
because it is a cytosolic member of a family of metalloenzymes
(hCAs) that catalyze the conversion of CO, to bicarbonate ion
and a proton. While bicarbonate is a substrate for critical
biological pathways (including gluconeogenesis and nucleotide
synthesis), the production of protons can lead to pH changes.
Both of these hCA based effects are thought to be important in
providing tumors with a growth advantage over normal
tissue.”"”> Thus, hCA inhibitors are being actively pursued.>’
Although we are targeting hCA-II in this study, it is important
to note that the potential cancer selectivity of this system lies in
its ability to use miR-21 as the overexpressed cancer biomarker
to specifically activate the inhibitor in tumor tissues.

The design and function of DC 1 is shown in Figure 1. DC 1
contains a bile acid headgroup (specifically, a lithocholic acid
amide, LAA) since bile acids are known to interact with hCA-
IL°">° The LAA headgroup was attached to the core ON
domain via a short C3 linker. This linker length was specifically
utilized since in the single-stranded state DC 1 can project the
LAA moiety into the conical and deep (15 A) active site of
hCA-IL.°**” However, the function of DC 1 can be turned OFF
by hybridization with a complementary guide sequence (ON 2)
because the rigid duplex in conjunction with the short linker
prevents the ogtimal positioning of the LAA headgroup into
the active site.”® Furthermore, ON 2 contains a non-base-paired
toehold and is fully complementary to miR-21. Hence, in the
presence of miR-21 the DC 1:ON 2 duplex is expected to
disassemble resulting in the formation of the ON 2:miR-21
duplex and single-stranded DC 1 (which is able to effectively
inhibit hCA-II). For the design of guide ON 2, six locked
nucleic acid (LNA)*’ residues were incorporated into the
toehold region since LNA based ONs have superior hybrid-
ization capacity with RNA.%

UV-—visible spectroscopy and polyacrylamide gel electro-
phoresis (PAGE) were employed to probe the self-assembly
characteristics of DC 1. In particular, since hydrophobic
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Figure 2. (A) UV—vis spectra of DC1 and DC1:ON2 duplex at 20 °C.
(B) Thermal denaturation curves of DC1:ON2 and ON2:miR-21
duplexes. All spectra were collected in a 100 gM Tris-NaCl buffer at
7.1 pH with 1 gM ON strand concentrations.

molecule-conjugated ONs®'™® can potentially form micelles,

we investigated whether a low concentration (1 yM) of DC 1
shows such aggregation behavior. As can be seen from
inspection of Figure 2A, both DC 1 and the DC 1:ON 2
duplex (at 1 M concentrations) exhibit characteristic
absorption profiles centered around 260 nm, and show near-
baseline absorption at long wavelengths—indicating a lack of
aggregate-based scattering. Further, when DC 1 was analyzed
by nondenaturing PAGE (Figure 3A, Lane 1) only a single, fast-
moving band, corresponding to a single strand, was observed.
There was no indication of any slow-migrating higher-order
species. Taken together, these findings are consistent with no
significant self-aggregation induced by the hydrophobic LAA
headgroup in the 1 M regime.

Next, UV—vis derived thermal denaturation studies were
performed on both the DC 1:ON 2 and the miR-21:ON 2
duplexes (Figure 2B). These experiments clearly suggested that
the latter duplex is significantly more thermally stable (T,
greater by 18 °C) and thus exposure to miR-21 should drive the
disassembly of the DC 1:ON 2 duplex. In order to probe this
structural conversion process PAGE was employed (Figure
3A). Here it is evident that upon addition of 1 equiv. of miR-21,
the preformed DC 1:ON 2 duplex (Lane 4) disassembles
leading to the miR-21:ON 2 duplex and single-stranded DC 1
(Lane 6). Fluorescence spectroscopy was also conducted to
verify the miR-21 induced structure switching (Figure 3B).
Here, an internal deoxycytidine residue (C7 from the 3’ end) of
DC 1 was replaced with the fluorescent cytidine analogue
pyrrolo-2’-deoxycytidine (pdC). The pdC containing strand
DC 1F should show strong fluorescence in a single-stranded,
non-base-paired, conformation. However, when hybridized with
guide ON 2 the fluorescence is expected to be quenched.®
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Figure 3. (A) PAGE illustrating miR21-induced structure switching of
DC 1. Lanes 1-5: ON single strand or duplex controls. Lane 1, DC 1;
Lane 2, ON 2; Lane 3, miR-21; Lane 4, duplex 1:2; Lane S, duplex
miR-21:2. Lane 6: The structure switching experiment: DC 1 + ON 2
(incubated for 30 min) followed by addition of miR-21 (incubated for
30 min). (B) Schematic of the pdC based fluorescence assay. (i)
Fluorescence is quenched when pdC is base-paired with guanine in the
DC 1F:2 duplex, and then (ii) recovered upon addition of miR-21
when single-stranded 1F is released via the formation of the more
stable miR-21:2 duplex. (C) Results of the fluorescence assay. Left:
Fluorescence quenching of 1F upon hybridization with ON 2. Right:
Fluorescence recovery of 1F induced by miR-21. Excitation A = 345
nm and emission 4 = 450 nm; these experiments were conducted in
0.2 M NaCl, 0.1 M Tris, pH = 7.4, buffer.

Moreover, addition of miR-21 should lead to recovery of
fluorescence as the single-stranded DC 1F is regenerated. The
fluorescence experiment (Figure 3C) commenced with the
titration of ON 2 into a solution of 1 uM of DC 1F. After the
addition of 1 equiv. of ON 2, the fluorescence signal reached a
plateau. Subsequently, miR-21 was titrated into the equimolar
solution of DC 1F and ON 2. Importantly, when 1 equiv. of
miR-21 relative to DC 1F was added, the fluorescence was fully
recovered indicating stoichiometric responsiveness. These
fluorescence studies verified the miR-21 induced structure
switching mechanism observed by PAGE.

Having demonstrated that miR-21 can induce the structure-
switching of duplex 1:2 into single-stranded DC 1, we next
investigated whether the single-stranded and duplex states of
DC 1 showed differential binding to hCA-II via a solid-phase
binding assay (see Figures 4A and 6). Briefly, hCA-Il was
immobilized on a solid N-hydroxysuccinimidyl-sepharose bead
support and was exposed to the following three ON species (in
10 mM Tris, 0.1 M NaCl, pH 7.4 buffer) to test for their
binding abilities to hCA-Il: (a) single-stranded DC 1, (b)
duplex 1:2, and (c) a solution containing duplex 1:2 that was
incubated with 1 equiv. of miR-21. After incubation of these
ON samples with hCA-II (at 4 °C for S h), each sample was
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Figure 4. (A) hCA-II binding assay. (i) The three tested ON species
were incubated with hCA-II immobilized on a solid support. (i) An
aliquot of the unwashed sample (containing all nonspecifically/
specifically bound ONs) was denatured with heat and run on the gel.
(iii) An aliquot of sample washed with a competitive buffer (to select
for the strong binding ON species) was denatured with heat and run
on the gel. (B) PAGE results of the hCA-II solid-phase binding assay.
Lanes 1—3: ON controls. Lane 1, DC 1; Lane 2, ONs 1/2; Lane 3,
ONs 1/2/miR-21. Lanes 4—6: Unwashed aliquots. Lane 4, DC 1;
Lane 5, ONs 1/2; Lane 6, ONs 1/2/miR-21. Lanes 7—9: Aliquots
washed with competitive buffer. Lane 7, DC 1; Lane 8, ONs 1/2; Lane
9, ONs 1/2/miR-21.

separated into two equal portions and the incubation buffer
removed via centrifugal filters. The first portion of resin stayed
unwashed (thus all the added ONs are expected to be present).
On the other hand, to the second aliquot was introduced
competitive washing solutions (see Experimental Section for
details) so that only the strongly interacting species would
remain bound to hCA-IL. Subsequently, both aliquots of resins
were resuspended in water, overlaid with 50 yL of mineral oil,
and incubated at 90 °C for 30 min to denature hCA-II and
release the bound ON species. After denaturation, the aqueous
layers were analyzed by PAGE.

As shown in Figure 4B, for the unwashed aliquots (Lane 4—
6), all the introduced ON species are observed. Not
surprisingly, after competitive washing to remove the weak
binders, the 2:miR-21 duplex that lacks the hCA-II binding
headgroup is not present on the gel, as it was washed away
(compare the missing slow migrating band on Lane 9 that is
observed on Lane 6). Moreover, the DC 1:2 duplex also does
not appear on the gel (compare the missing band on Lane 8
that is present on Lane 5) as it does not bind appreciably with
hCA-II—since the double-stranded structure inhibits the LAA
headgroup from binding effectively with hCA-IL. Indeed the
only ON species that survived the washing step was the single-
stranded DC 1 either when introduced by itself (Lane 7) or
when released from duplex 1:2 by miR-21 (Lane 9). These
results indicate that the miR-21 triggered formation of DC 1
leads to substantial binding of hCA-II, while duplex 1:2 does
not interact significantly with the protein.

We next probed, via a solution-phase colorimetric assay,
whether the esterase activity of hCA-II is differentially affected
by the duplex and single-stranded states of DC 1. Figure 5
shows the normalized initial reaction velocity versus inhibitor
concentration. As expected, single-stranded DC 1 inhibited the
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Figure S. hCA-II inhibition profiles. The concentrations of hCA-II and
p-NPA were 124 nM and 1 mM, respectively.

esterase activity of hCA-II with a K; of 2.56 yM. In marked
contrast, no significant inhibitory activity was observed for
duplex 1:2 under the same experimental conditions.
Importantly, in the presence of miR-21, the sample containing
inactive duplex 1:2 exhibits hCA-II inhibition that is similar to
that of DC 1 by itself (K value of 3.12 yM). Taken together,
these results clearly demonstrate that the OFF state of DC 1
(ie., duplex 1:2) is activated by miR-21, thereby leading to a
state that inhibits the hCA-II esterase function.

B CONCLUSIONS

We have developed a single-stranded LAA modified DC-based
inhibitor against hCA-II that can be deactivated using a guide
LNA containing strand 2. This OFF state is postulated to be a
result of the short linker and the steric hindrance introduced by
the rigid duplex structure. Strikingly, in the presence of miR-21,
the guide strand forms a more stable duplex with miR-21,
thereby triggering the activation of the single-stranded
inhibitor. This is the first report of using a conformationally
restrained protein inhibitor that is noncovalently triggered by a
microRNA. The strategy described above is expected to be
broadly applicable to prodrug development since the sequence
of the core ON domain of the DC can be modified to target
other cancer-associated miRs and the synthetic ligand can be
interchanged to bind to alternative active sites of target
proteins. In addition, because simple sequestration of miR-21,
via duplex formation, can silence its oncogenic activity,**® this
strategy has the potential to be synergistic. We are currently
investigating DC activity in vivo using cancer cell lines
overexpressing miR-21.

B EXPERIMENTAL PROCEDURES

Unless specially noted all chemicals were obtained from Sigma-
Aldrich. All core oligonucleotide (ON) sequences, except guide
ON sequence 2, were synthesized by the Keck Foundation
Biotechnology Research Laboratory at Yale University using
automated solid-phase synthesis. LNA containing ON 2 was
synthesized by Exiqon. The nonstandard, modified phosphor-
amidites (pyrrolo dC, S’-amino Modifier C3 TFA, 5’-amino
Modifier C6 PDA, and 5'-amino Modifier C12) were purchased
from Glen Research. All ONs were desalted with Sephadex
resin Microspin G-25 columns (GE Healthcare), and purified
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via a Varian Prostar reverse-phase HPLC system. The purified
product was analyzed by Matrix Assisted Laser Desorption
Ionization-Time of Flight (MALDI-TOF) mass spectrometry
using a Bruker Daltonics Autoflex III in reflector negative
mode. All MALDI-TOF samples were prepared by mixing 3-
hydroxypicolinic acid (HPA, S0 mg/mL in 1:1 water/
acetonitrile), ammonium citrate (50 mg/mL in water), and
ON at a 9:1:1 ratio. The concentrations of the ON stock
solutions were determined by the use of UV spectrophotometry
based on the molar extinction coefficient at 260 nm as
determined by the nearest-neighbor method. Fluorescence
spectroscopy was conducted using a Varian Cary Eclipse
Fluorescence spectrophotometer. The hCA-II inhibition assay
was performed using a SpectraMax 190 microplate reader.
Detailed syntheses of head groups and ON-conjugates can be
found in the SIL

Thermal Denaturation. Thermal denaturation was fol-
lowed by UV—vis absorption changes at 260 nm. Melting
temperatures (T,,) were determined by fitting the collected
data to a Boltzmann sigmoidal function in OriginPro 9.1.

Gel Electrophoresis. The 14% polyacrylamide TBE gel was
prepared by mixing 3.5 mL of 40% acrylamide solution, 1 mL of
1 X TBE buffer, and 5.5 mL of water, followed by the addition
of S0 uL of 10% ammonium persulfate (APS) and 10 uL of
N,N,N’,N’-tetramethylethylenediamine (TEMED). The gel-
forming solution was stirred for a couple of seconds, and
then poured between the glass plates and a comb was inserted
to form the gel.

For single-stranded ONs (DC 1, ON 2, and miR-21) the
samples were prepared in 10 pL of water with an ON
concentration of 2 yM. The duplex ON samples (DC 1:ON 2
and ON 2:miR-21) were prepared by incubating the two ONs
(2 uM for each) in 10 uL of water at RT for 30 min. The
structure switching sample was prepared by incubating DC 1
and ON 2 (2 uM for each) in 10 uL of water at RT for 30 min,
then adding 1 equiv. of miR-21 and incubating the three ONs
at RT, for another 30 min. The samples then were applied onto
the gel and subjected to electrophoresis at a constant voltage of
120 V for 1 h with 1 X TBE running buffer. After
electrophoresis, the gel was visualized by ethidium bromide
staining.

HCA-II Immobilization. One milliliter of N-hydroxysucci-
nimidyl-Sepharose 4 Fast Flow slurry was placed in an Amicon
centrifugal filter (cutoff: 10K) and spun to remove isopropanol,
followed by washing with (a) 3 X 2 mL of cold 1 mM HCl and
(b) 2 mL of cold water. hCA-II was dissolved in 500 uL of 1 X
PBS buffer pH 7.1 at a concentration of 16 yM (hCA-II
concentration was determined by UV—vis spectrometry). The
hCA-II solution was incubated with the beads at 4 °C
overnight. After removing the coupling solution, the beads
were capped using 600 uL of 50 mM Tris-HCI buffer pH 8.3
for 3 h. After extensive washing with 3 X 2 mL of 10 mM Tris-
HCI, 1 M NaCl buffer, pH 7.4, the beads were stored in 650 uL
of 10 mM Tris-HCI, 0.1 M NaCl buffer, pH 7.4, at 4 °C.

Solid-Phase HCA-Il Binding Assays. Three species were
tested for their binding abilities to hCA-II: (a) single-stranded
inhibitor DC 1 (2 gL of 0.1 mM in water), (b) DC 1:ON 2
duplex (formed by incubating 2 pL of 0.1 mM DC 1 with 1
equiv. of ON 2 in water at RT for 30 min, total volume was 4
uL), and (c) DC 1:ON 2:miR21 (formed by incubating 2 uL of
0.1 mM DC 1 with 1 equiv. of ON 2 at RT for 30 min,
followed by the addition of 1 equiv. of miR-21, and incubation
for another 30 min; total volume was 6 uL). EBach of these
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samples (ie, a, b, and c) was added to an Eppendorf tube
containing 80 uL of a bead suspension conjugated with hCA-II,
followed by addition of 10 mM Tris, pH 7.4, 0.1 M NaCl buffer
to reach a final volume of 200 uL.
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Figure 6. Illustration of the procedure for the solid-phase hCA-II
binding assay.

The Eppendorf tube was agitated at 4 °C for S h, then the
mixture was separated into two equal aliquots (100 L of each)
and both were transferred to centrifugal filters (cutoff: 30K) to
remove the incubation buffers (Figure 6). For comparison
purposes, the first aliquot of dry resin stayed unwashed while
the second aliquot was washed with a competitive series of
solutions: (1) 400 uL of 10 mM Tris, pH 7.4, 0.5 M NaCl, (2)
2 X 400 yL of 10 mM Tris, pH 7.4, 0.1 M NaCl, and (3) 400
4L of water. Both aliquots of dry resin were then resuspended
in 30 uL of water and overlaid with 50 uL of mineral oil,
followed by incubation at 90 °C for 30 min to denature hCA-IL
After denaturation, the bottom aqueous solution was pipetted
out and allowed to cool down to RT over a period of 30 min,
then analyzed by PAGE as described above.

Solution-Phase hCAIl Inhibition Studies. The hCA-II
inhibition assay was conducted by dissolving hCA-II in 50 mM
Tris-sulfate pH 8.5, and incubating in a 96-well plate with a
dilution series of inhibitors for 30 min at R.T. Subsequently, the
reaction was initiated by adding substrate, p-nitrophenyl
actetate (p-NPA). The UV—vis absorption change at 405 nm,
corresponding to the production of p-nitrophenolate was
recorded.

Normalization of the initial reaction velocity was performed
by assigning a maximum value of 1 to the initial reaction
velocity obtained from an hCA-II esterase activity assay in the
absence of any inhibitor for each series of experiments. Specific
initial reaction velocities in the presence of inhibitors in these
studies were converted to proportions of this value (ranging
from 0 to 1).

The normalized initial reaction velocity (V,) was plotted
against the corresponding inhibitor concentration (I), and the
K; (the dissociation constant of the enzyme—inhibitor complex)
value was obtained by fitting, via nonlinear regression, to eq 1/
below using Origin software. S is the final concentration of the
substrate p-NPA, which is 1 mM.

V,.[5]
(1]
[S] + Km(l + ?l) 1)

The Michaelis—Menten constant K, and the V. values
(Vinex is a maximal limit of the rate of an enzyme-catalyzed
reaction and K, is defined by the substrate concentration that
gives a reaction rate equal to one-half the V) were first
obtained for p-NPA hydrolysis catalyzed by hCA-II in the
absence of inhibitors (See SI-S).

V=
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